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ABSTRACT
High data rate radio communications between Low Earth Orbit and the surface of the Earth can be achieved with
efficient modulation and coding parameters. However, traditional space is a low-volume high-cost business and
difficulty in procuring low cost radios in the appropriate spectrum leads to groups selecting lower data rate radios in
the ISM or amateur bands. Specialized radio hardware is typically used for each combination of frequency,
modulation and power, forcing a high cost point for most radios designed to go in space.
Our hybrid hardware and software design for modular radio systems combines both the flexibility of software
definition and the performance gains of specialized hardware. This enables flexible modulation and data rates at
frequencies up to Ku band with only one family of radios. Therefore, we can rapidly produce low cost radios which
meet the requirements of most satellite groups from research to communications and earth observation.
In this paper we describe the design of our modular radio system. We will cover the software, electrical, mechanical,
and analog considerations for such a design, and we will describe the performance achievable for an example
UHF/S-band application.
INTRODUCTION

while maintaining the performance necessary for
satellite use.

There are two classical approaches to building radios:
one where the RF is fully synthesized in analog
components, and the other in which the RF is simulated
in software.

We have developed a new hybrid approach, which
allows us to operate between VHF and Ku band with a
single family of radios yet allows both high
performance, and rapid design and reconfiguration.

The fully analog radio accepts digital or analog
baseband data and performs all modulation,
upconversion, and filtering using an application specific
combination of RF components. By selecting the
appropriate components the radio performance can be
very high, however changing the frequency or
modulation type of a signal involves selecting new RF
components and board re-design.

Our Approach
We combine a software-defined back end with an
analog front end. The back end is a standard PC-104
board with an FPGA baseband processor, ARM
configuration CPU, and SDR transceiver. The analog
front ends are on replaceable daughterboards, each
optimized for performance within a specific frequency
band. The daughterboards are simple and easy to
develop and install onto the motherboard.

Software Defined Radio (SDR) emulates some or all of
the physical radio components in software. Once a
control program has been written and generic PCBs
printed, changing the frequency, modulation, or
bandwidth of a signal involves issuing a software
command instead of re-designing & re-testing the PCB.
Many pure-software commercial radios span VHF to Sband but cannot operate at C-band or above, and
therefore cannot be used for most satellite operations.
In addition, factors such as frequency-dependent
conversion loss and amplifier non-linearity limit the
ability to emulate all radio functionality in software
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high performance, low-loss PCB substrate that is
resistant to thermal expansion and offers minimal losses
at higher frequencies.
This design, with direct synthesis for most user
applications, and the option of a daughterboard to
extend the frequency range, allows us to change the
modulation, frequency, and bandwidth of the radio
through a few hours of soldering and matching work
and a couple of register settings in the control software,
instead of a complete board re-design and re-spin.
SIGNAL FLOW
The goal

Figure 1: Modular SDR block diagram

We aim to achieve good signal integrity while retaining
the flexibility of SDR. We push as much processing as
possible into the digital domain to make the system as
flexible as possible. Some processing must be done in
the analog/RF domain for best performance.

Motherboard
The motherboard is a PC-104 board housing a baseband
processor, ARM processor, agile transceiver, two
daughterboard slots, and the power, control, and data
interfaces to the rest of the satellite.

Transmit

The motherboard slides directly onto the standard
cubesat rails without any modification. It occupies 0.14
of a cubesat unit.

Data to be transmitted enters the motherboard from the
cubesat bus as USB 2.0, UART, SPI, I2C, or Ethernet.
The FPGA baseband processor performs all baseband
signal processing, including packetization, forward
error correction encoding, and optional encryption. The
FPGA models the transmit waveform and sends a
digital representation of the waveform to the
transceiver. The transceiver directly synthesizes RF up
to 6 GHz.

FPGA Baseband Processor
The baseband processor is an FPGA capable of
simultaneously sending and receiving error corrected
data at 100 Mbps.
ARM Processor
The Cortex-A ARM runs Linux and provides an easy to
use configuration environment for the radio. All
transceiver functionality is controlled by a set of Linux
drivers, so changing the modulation or signal
bandwidth involves loading a new configuration file
instead of manually setting registers.

Depending on the frequency selected, optional power
amplifier, filter, or upconverter daughterboards may be
attached to the motherboard to perform further signal
processing in the analog RF domain.
Receive
RF signals enter the chosen analog receive
daughterboard from the antenna. The RX
daughterboard has a low noise amplifier tuned for the
target frequency and a bandpass filter to block
unwanted interferers. The daughterboard returns the
amplified and filtered RF signal to the transceiver on
the motherboard.

Agile Transceiver
The full duplex transceiver directly synthesizes and
receives arbitrary RF waveforms between VHF and 6
GHz. It is configured by the ARM processor and
exchanges baseband data with the FPGA.
Daughterboards

The transceiver is able to demodulate RF signals
directly from 6 GHz to baseband. The baseband bits are
sent to the FPGA using LVDS.

After the modulator, an optional daughter board can be
installed either to mix the operating frequency up to
higher C-, X-, or Ku-bands from 6 GHz to 12 GHz, or
merely to amplify the frequency coming from the mixer
to go out to the antenna.

SOFTWARE CONSIDERATIONS
The goal

Connectors and Substrate

From the point of view of the space link, the goal of the
software section is to create a tight packet protocol with

We select broadband connectors that handle the entire
frequency range used by satellites, VHF-Ka band, and a
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strong error correction and low overhead to maximize
data throughput and minimize data corruption. The
additional usability goal is to make it easy to program,
evaluate, test, and reflash a radio.
Common Components
Most radios talk to a computer on a data line and to an
antenna on a RF line. In between these interfaces they
create and parse packets, modulate and demodulate
signals, and correct errors.
Each new radio design has traditionally required a new
set of firmware due to different processor hardware and
interfaces.
By using the same baseband processor and transceiver
chip on multiple radio designs, we can recycle most of
the code written for one design for all future designs.
Baseband processing and RF simulation routines may
be chosen and combined from standard libraries.
Complete Linux drivers are provided for the radio, so
changing the performance of the radio becomes as
simple as loading a new configuration file.

Figure 2: Radio motherboard layout
Daughterboard
Daughterboards are 5.0cm long by 2.9cm wide. They
are either 4-layer or 6-layer stacks with Rogers 4350B
laminate on top of several layers of FR-4. Figure 3,
below, shows a typical RF daughterboard.

Recycling one software section can save hundreds of
hours of programming, verification, and validation time
for each new radio.
MECHANICAL CONSIDERATIONS
The goal
The radio must conform to the cubesat PC-104
standard, be easy to integrate, survive the space
environment, and contribute a minimal amount of mass
to the satellite.
Motherboard
The radio consists of a PC-104 motherboard hosting 2
daughterboards: one for Tx signal upconversion and
amplification, and the other for Rx signal conditioning.

Figure 3: Radio daughterboard layout
Daughterboard to motherboard spacing is 9.05 mm.

Figure 2, below, shows the motherboard form factor.

Volume
The SDR radio assembly is 90.2 mm x 96 mm x 13.8
mm including all connectors, shields, and the 9.05 mm
motherboard to daughterboard spacing. The height of
the overall radio assembly is increased by 4.6 mm over
a custom single board layout, which would consume
only 9.25mm.
Mass
The total mass of the complete radio assembly is 97
grams. Each daughterboard contributes approximately
9.5 grams to the total weight of a radio assembly.
Assuming a rough launch cost LEO of $4654/kg4,5,6 the
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extra weight of two daughterboards costs $88.43 during
launch.
THERMAL CONSIDERATIONS
Since high data rate links between LEO and earth
require strong link budgets, we typically choose power
amplifiers in the 1-3 Watt range. A 3-Watt, 35%
efficient amplifier will shed roughly 6 watts of heat.
The daughterboards housing power amplifiers can
include a heat spreader and mounting holes for a
thermal strap to carry the excess heat towards the
spacecraft chassis.
ELECTRICAL CONSIDERATIONS
The goal

Figure 4: First generation motherboard

The goal is to accommodate all common nanosatellite
supply voltages without sacrificing much efficiency.

Motherboard
The radio motherboard is programmed to interface with
the user’s computing system. The baseband processor
(FPGA) is programmed to modulate QPSK per the
DVB-S2 standard and demodulate FSK modulation.
Editing a few configuration files sets up the registers in
the transceiver.

Motherboard
The radio motherboard connects directly to the cubesat
bus and can run off common2,3 cubesat power systems
between 5-6VDC or 8-12VDC. The motherboard
regulates all necessary voltages from the cubesat bus to
prevent noise thus introduced from reducing the
sensitivity of the radio.

Transmit Chain
To reach the ground reliably at 500 kbps, we choose a
2.6 Watt7 S-band power amplifier daughterboard for
slot 1. Since this daughterboard is tuned for optimal
performance in the S-band ISM, it achieves 38% power
added efficiency, leading to a power consumption of
7.1 watts for 2.6 watts of RF power out.

Sensitive components such as low noise amplifiers and
phase locked loops require clean power; this is provided
by dedicated linear regulators. High power components
such as power amplifiers use efficient buck regulators
to drop the bus voltage down to their level.
To allow the motherboard to be agnostic with respect to
choice of daughterboard, each daughterboard regulates
its own supply voltage.
Proper RF design necessitates separate linear regulators
for each low noise amplifier and phased locked loop,
even if all components are laid out on the same board,
so the performance hit of multiple linear regulators is
unavoidable even in many custom architectures. The
performance hit of the power amplifier subsystem is not
as bad because it uses a more efficient switching
regulator.
EXAMPLE ASSEMBLY
The goal

Figure 5: First generation motherboard
transmitting 2.6 Watts at 2.433 GHz

We will walk through an example problem statement:
Uplink: UHF 437 MHz, FSK modulation, 10 kbps.
Downlink: S-band, 2433 MHz, FSK modulation, 50500 kbps.

Receive Chain
For best receive performance, we use a tuned low noise
amplifier and bandpass filter centered at 437 MHz. We
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install a 1.2 dB noise figure UHF low noise amplifier
daughterboard in slot 2.
The noise figure of a radio determines its ability to
receive weak signals. The extra SMP connector
between the motherboard and daughterboard increases
the noise figure by 0.4 dB relative to the noise figure
achieved by the same amplifier laid out on the
motherboard.
We will compute the extra noise figure degradation of
the UHF receive module referenced above.
CONCLUSIONS
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We have described a design methodology to create
SDRs for the growing nanosatellite market. By
combining the flexibility of SDR with the performance
of tuned RF components, it is possible to reduce the
development time and cost of high performance radios
for many satellite applications. We have demonstrated
an example UHF receive/S-band transmit SDR
demonstrating a receive noise figure of 1.6 dB and an
output power of 2.6 watts.
There are some additional performance costs incurred
by choosing a modular radio system versus a custom
tuned board. The mass, volume, power consumption
and noise figure are increased slightly over a custom
solution, but these increases are not large.
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